ABSTRACT: Prenatal essential fatty acid (EFA) status might be an important factor in the development of the central nervous system (CNS). The aim of the present study was to evaluate the relationship between the fatty acid compositions of the umbilical blood vessels at birth, used as a proxy of prenatal EFA status, and quality of general movements (GMs) at 3 mo. Umbilical artery and vein fatty acid compositions were investigated in a mixed group of breastfed infants and infants fed with formula with or without long-chain polyunsaturated fatty acid (LCPUFA) supplementation. At the age of 3 mo, video assessment of the quality of GMs was performed to evaluate neurologic condition. The quality of GMs was scored by assessing the degree of variation, complexity, and fluency. Outcomes were classified as normal-optimal, normal suboptimal, mildly abnormal, and definitely abnormal movements. Information on potential confounders, including the type of postnatal feeding, was collected prospectively. Associations between fatty acid status at birth and quality of GMs were investigated, and multinomial logistic regression analyses were carried out. None of the infants showed definitely abnormal movements. Infants with mildly abnormal GMs had a lower EFA index, lower arachidonic acid (AA) content, higher total n-9 fatty acid, and higher total monounsaturated fatty acid (MUFA) content in the umbilical artery compared with infants with normal GMs. Multivariate analyses confirmed these findings. We conclude that mildly abnormal GMs are associated with a less favorable EFA status in the umbilical artery. (Pediatr Res 59: 717-722, 2006) 
L
CPUFAs are abundantly present in the CNS of infants (1) .
Their accumulation in the brain occurs, especially during the last trimester of gestation and during early postnatal life (1, 2) , a process that is affected by nutrition (3, 4) . It is conceivable that dietary supplementation of LCPUFAs enhances incorporation of LCPUFAs into the membranes of the CNS and possibly improves the neurologic condition of the young child. At present, there is increasing evidence of a beneficial effect of LCPUFA supplementation on visual function and psychomotor development in preterm and term infants (5) (6) (7) . No consistent evidence has been provided of a positive effect of LCPUFA supplementation on developmental outcome at 1 to 3 y, and no data are available on the effect of LCPUFA supplementation on neurobehavioral development beyond the age of 3 y (8) (9) (10) .
Less is known about the effect of the infant's neonatal fatty acid status on neurodevelopmental outcome. A recent study by our own group indicated that a lower neonatal status of docosahexaenoic acid [(DHA), a member of the n-3 fatty acid series], AA (a member of the n-6 fatty acids), EFA in the umbilical vein is associated with a less favorable neurologic condition on postnatal days 10 to 14 (11) . Helland et al. (12) reported that supplementation with cod liver oil (rich in n-3 fatty acids) during pregnancy and lactation resulted in higher levels of n-3 fatty acids in blood plasma at birth, which were associated with more mature electroencephalography (EEG) scores on the second day of life. Neonatal fatty acid status was not related to EEG maturity at 3 mo. Follow-up at 4 y indicated that neonatal DHA in plasma at birth was not related to intelligence (13) . A negative correlation was found between neonatal Mead (20:3n-9) and Osbond (22:5n-6) acids, which represent lower EFA status and intelligence at 4 y (13). Malcolm et al. (14) , in a study in which pregnant women received supplementation with either fish oil capsules rich in DHA or placebo capsules, did not find a relationship between the infant's DHA status in red blood cells and plasma at birth and latencies to visually evoked potentials recorded to flash stimuli shortly after birth and at the ages of 10 wk and 6 mo. However, they did find a relationship between neonatal DHA status and latencies to visually evoked potentials recorded to pattern-reversal stimuli at 10 wk and 6 mo. Two other studies found no relationship between neonatal LCPUFA status and cognitive function at 4 and 7 y of age (15, 16) .
Taken together, it is as yet unclear whether neonatal LCPUFA status affects neurodevelopmental outcome, and if so, which LCPUFA plays a prominent role. To detect the possible subtle effects of neonatal fatty acid status on neurologic condition, sensitive evaluation instruments are required. Previous studies by our group indicated that the assessment of the quality of GMs is a sensitive tool for evaluating the effect of nutritional status on neurologic condition (6, 17) . GMs are spontaneous movements involving all parts of the body. They arise early in fetal life and persist until 3-4 mo after term age when goal-directed behavior emerges. Normal GMs are characterized by variation, complexity, and fluency. These characteristics disappear when movements become abnormal. The presence of definitely abnormal GMs at 2-4 mo predicts the development of cerebral palsy with a high accuracy (18 -20) . The presence of mildly abnormal GMs at 2-4 mo is associated with an increase in the risk of the development of minor neurologic dysfunction, attention problems, and aggressive behavior at school age (19 -21) .
In previous studies, we evaluated the effect of LCPUFA supplementation of infant formula and that of the influence of duration of breastfeeding on the quality of GMs (6, 17) . None of the participating healthy term infants had definitely abnormal GMs. We found that LCPUFA supplementation was associated with a reduction of mildly abnormal GMs and that breastfed infants showed better movement quality when they had received human milk for more than 6 wk.
The present paper is based on the groups of infants who participated in the LCPUFA supplementation study. We addressed the question whether the fatty acid composition of the umbilical blood vessels at birth of infants who showed mildly abnormal GMs at 3 mo differed from that of infants with normal GMs. The problem was tackled with multivariate statistics to be able to take into account the role of type of postnatal feeding and other confounders.
SUBJECTS AND METHODS
Subjects. This study is part of a double-blind, randomized, controlled trial investigating the effect of LCPUFA supplementation on neurodevelopment of healthy term infants. The study has been described in detail in Bouwstra et al. (6) . Mother-infant pairs were recruited during pregnancy checkup visits at various locations in and near Groningen. Final enrollment in the study occurred in the neonatal period, at which time parents provided written informed consent. All infants were born at 37-42 wk of gestation, had a native West European origin, and were born between February 1997 and October 1999. Excluded from the study were children with a congenital disorder interfering with adequate functioning in daily life, children from multiple births, children whose mother did not master the Dutch language or had significant illness or disability, and adopted and fostered children. The study population consisted of 474 infants. There were three study groups: two randomized formula groups and one group of mothers who decided to breastfeed their infants (n ϭ 159). The control formula group (n ϭ 169) received commercial formula feeding (Nutrilon Premium; Nutricia, Zoetermeer, the Netherlands) for 6 mo and the LCPUFA-supplemented formula group (n ϭ 146) received the same formula enriched with 0.45% AA and 0.30% DHA for 2 mo. After 2 mo, the LCPUFA-supplemented group received control formula feeding until the age of 6 mo. Breastfeeding was given as long as possible. If breastfed infants required formula feeding as a supplement or when breastfeeding stopped, they received LCPUFAsupplemented formula until 2 mo and control formula from 2 to 6 mo. Parents and examiners were unaware of the type of formula feeding that the infants received. The study was approved by the Ethics Committee of the University Medical Centre Groningen (MEC 95/08/207).
Analysis of fatty acids of the umbilical vessels. Permission to obtain umbilical cord tissue was granted in 317 infants, i.e. in 67% of the original population (Fig. 1) . The umbilical cord was immediately collected after parturition. Details on the collection and processing can be found in Muskiet et al. (22) . Seven to 10-cm samples were taken at the most proximal site of the placenta and stored in saline at 4°C for a maximum duration of 24 h until further processing for fatty acid analyses according to established methods (22) . Fatty acid methyl esters, trans-fatty acids included, were determined by high-resolution capillary gas liquid chromatography as described by DijckBrouwer et al. (11) and Decsi et al. (23) . Data were expressed as percentages of weight of fatty acids with chain lengths of 14 -24 carbon atoms. EFA status was derived from 20:3n-9 (Mead acid), 20:3n-9/20:4n-6, and the EFA index (n-3 ϩ n-6)/(n-7 ϩ n-9), while the DHA deficiency index (22:5n-6/22:4n-6) was used to describe DHA status (23) .
Neurologic assessment at 3 mo. Follow-up at the age of 3 mo was performed for 269 of the infants for whom information on fatty acid status in the umbilical cord was available (Fig. 1) . The major reason that infants were not assessed at 3 mo was an overload of work for the research team. The social and pre-and perinatal backgrounds of infants who were included in the present analyses are shown in Table 1 . Social and pre-and perinatal backgrounds of infants included in the present analyses were in general similar to those of the infants who were not included into the analyses because of missing fatty acid samples or missing GM assessment. However, infants not included in the study did have a slightly lower obstetric optimality score (OOS) (mean values: 62 versus 61, p Ͻ 0.05) and more had fathers who smoked (51% versus 41%, p Ͻ 0.05). For more details, see section on assessment of potential confounders.
The neurologic assessment consisted of the evaluation of the quality of GMs. The infants' spontaneous motility was videotaped for 15 min in the home environment. During the recording, the infant was dressed in his or her underwear, and he or she was lying in supine position. Care was taken to only record GMs when the infants were awake, active, and not crying. Investigators who were blinded to the subjects' group assignments analyzed the quality of the videotaped GMs. Movements were classified as normal-optimal, normal-suboptimal, and mildly abnormal. The classification in categories was based on the criteria shown in Table 2 . Experienced observers evaluated these criteria, which are the three main characteristics of GMs: (1) GM complexity, denoting the spatial variation of the movements; (2) GM variation, which represents the temporal variation of the movements; (3) GM fluency, which indicates the presence of smooth, subtle, and graceful movements. The interscorer agreement on GM quality is good: ϭ 0.81 (24) . As mentioned before, none of the infants had definitely abnormal GMs. For the present analyses, the infants with normal-optimal and normal-suboptimal GMs were pooled into one group.
Assessment of potential confounders. At enrollment, detailed and standardized information was collected on the infants' social and pre-and perinatal conditions. For the latter, we used the 74 variables of the OOS, ranging from the parents' socioeconomic status and health condition to the infant's condition immediately after birth. The sum of all items having a value within a predefined optimal range forms the OOS for an infant (25) . We used the information obtained from the OOS both at the single-item level where the items were dichotomized into optimal and nonoptimal categories and in the form of the sum of all items of the OOS. Besides collecting information on the parents' level of education and occupation, social condition was also assessed by the HOME inventory (26) . Information on the distribution of confounding variables in the groups of infants with normal and mildly abnormal GMs are presented in Table 1 .
Statistics. The analyses focused on the differences in fractions of fatty acid composition of umbilical vessel wall between infants with normal GMs and those with mildly abnormal GMs. First, univariate statistical analyses were performed with the Mann-Whitney test to calculate differences in fatty acid composition in umbilical vein and artery wall between children with normal and mildly abnormal GMs. Next multivariate analyses were carried out by 718 means of multinomial logistic regression analyses. This allowed us to elucidate the relationship between fatty acid status at birth and GM quality while correcting for type of postnatal feeding and potential confounders such as the postnatal age of the infant at GM assessment, paternal smoking, and the total OOS. For calculating the effect of postnatal feeding, a dummy variable was created for the four following nutritional groups: LCPUFA formula, control formula, breastfeeding for Յ6 wk, breastfeeding Ͼ6 wk. Nonparametric statistics were used as the large majority of variables were not normally distributed. p Values Ͻ0.05 were considered significant. Statistical analyses were performed using SPSS 10 (SPSS Inc., Chicago, IL).
RESULTS
The fatty acid composition of the umbilical veins of infants with mildly abnormal GMs did not differ significantly from that of infants with normal GMs (Fig. 2) . However, the fatty acid composition of the umbilical artery did differ between the infants with mildly abnormal GMs and those with normal movements (Table 3 ). Univariate analyses indicated that the umbilical artery of infants who showed mildly abnormal GMs contained more MUFAs and n-9 fatty acids (especially 18:1n-9, i.e. oleic acid) and contained fewer LCPUFAs, in particular less AA, a lower EFA index, and a higher DHA deficiency index than the artery of infants with normal GMs (Fig. 2) . Trans-fatty acid content of the umbilical artery of infants with mildly abnormal GMs did not differ from that of infants with normal GMs. Multivariate analyses confirmed all but one of these relationships: the relationship between DHA deficiency index and GM quality disappeared when correcting for confounders ( Table 4 ). Confounders that contributed consistently and significantly to the risk of showing mildly abnormal GMs were a lower age at GM assessment, the mother not being married during pregnancy, and the condition of the * Difference between infants with normal GMs and those with mildly abnormal GMs. † The obstetric optimality score consists of 74 variables describing the obstetric condition, ranging from the parents' socioeconomic status and health condition to the infant's condition immediately after birth (31) ‡ Home Observation for Measurement of the Environment (HOME) inventory (32) . N.S., not significant. GM complexity, spatial variation: The infant actively produces frequent changes in movement direction of the participating body parts. The changes in movement direction are brought about by continuously varying combinations of flexion-extension, abduction-adduction, and endorotation-exorotation of the participating joints.
GM variation, temporal variation: Across time, the infant produces continuously new movement patterns, i.e. the infant has an apparently infinite movement repertoire.
GM fluency, presence of smooth, supple, and graceful movements: Fluency in particular points to the velocity profile of the movements, which is characterized by gradual accelerations and decelerations.
ϩϩϩ, abundantly present; ϩϩ, sufficiently present; ϩ, present, but insufficiently; Ϫ, absent. 
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NEONATAL FATTY ACID STATUS AND GMs perineum, i.e. the presence of either an intact perineum or a total rupture. Having been breastfed for Ͼ6 wk was consistently associated with a lower risk of mildly abnormal GMs. We assume that the association between the condition of the perineum and the quality of GMs was a chance finding.
DISCUSSION
Our study indicates that mildly abnormal GMs at 3 mo are associated with a lower AA and EFA status of the umbilical artery at birth. The neonatal DHA status was not related to neurologic condition as measured by GM quality, i.e. the association between DHA deficiency index and GM quality was present in the univariate analysis, but disappeared in the multivariate analysis. In addition, we found that mildly abnormal GMs were associated with a higher level of monounsaturated fatty acids and with a higher total concentration of n-9 fatty acids, in particular, of oleic acid, in the umbilical artery at birth. The associations between fatty acid compositions of the umbilical artery remained statistically significant when taking into account important confounders such as type of postnatal feeding, age at investigation, and obstetric and social factors including smoking and maternal alcohol consumption during pregnancy. Univariate analysis indicated that maternal alcohol use during pregnancy was related to the occurrence of mildly abnormal GMs. This association disappeared in the multivariate analysis. No indications were found that maternal alcohol consumption modified the relationships between neonatal fatty acid status and the quality of GMs. It is well-known that prenatal alcohol exposure may affect the condition of the fetal brain (27) . However, our data indicated that the effect of prenatal fetal fatty acid status on postnatal neurologic condition is stronger than that of modest prenatal alcohol exposure.
Interestingly, the randomized allocation into the standard formula group or LCPUFA-supplemented formula group during the first 2 mo after birth no longer had an effect on the quality of GMs when neonatal fatty acid status was taken into account (6) . This suggests that neurologic condition rather depends on the prenatal essential fatty acid status than on the type of postnatal feeding.
The differences in fatty acid compositions of the umbilical artery between children with normal and mildly abnormal GMs were relatively small. Nevertheless, the standardized coefficients in the multinomial regression analysis indicated that even small differences in fatty acid composition significantly affect neurologic condition at 3 mo and thus might be considered clinically relevant. Table 4 . SAFA, saturated fatty acids; DHA deficiency index, 22:5n-6/22:4n-6; EFA index, (n-3 ϩ n-6)/(n-7 ϩ n-9).
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It is interesting to note that we found relationships between GM quality and fatty acid composition in the umbilical artery and not in the umbilical vein. The umbilical vein represents the supply of fatty acids from the placenta and the fat stores of the mother. The umbilical artery fatty acid composition represents the downstream of fatty acids from the fetus that is positively affected by placental supply and fetal synthesis of fatty acids and negatively influenced by fetal extraction. We did not find any differences in umbilical vein fatty acid composition between infants with normal GMs and mildly abnormal GMs. This might imply that an inadequate maternal fatty acid supply was not a determinant of the quality of GMs in this study population. Instead our data suggest that the development of mildly abnormal GMs might be associated particularly with the impaired extraction or increased dilution of AA and EFA driven by fetal metabolism and not by maternal supply. It could be that dilution of EFA and LCPUFAs in the umbilical artery is the result of an increased maternal supply of glucose to the placenta that induces extra de novo fatty acid synthesis from glucose, especially saturated fatty acids and MUFAs in the fetus (11, 28) . This suggestion fits with our finding that the arteries of infants with mildly abnormal GMs contained relatively more MUFAs.
In general, DHA is considered to be the most important LCPUFA for early brain development (29) . However, the evidence of this idea basically stems from supplementation studies carried out during postnatal life (30) . In the present study, we found that neonatal AA status, in particular, was related to neurologic outcome. The relationship between the DHA deficiency index of the umbilical artery and GM quality disappeared when the association was corrected for confounders. This could imply that during neonatal life, the supply of AA to the fetus is more critical than the supply of DHA. This hypothesis is supported by the finding that during gestation the accretion rates of n-6 fatty acids in the fetal brain are approximately twice as high as those of n-3 fatty acids (31) . After birth, accretion of DHA seems to become more critical because after term age, brain DHA content increases with increasing age, whereas brain AA content remains quite constant (1). Another finding that supports the idea that accretion of AA is more critical than DHA accretion is the lower AA content in the umbilical artery compared with the umbilical vein (median 12.8% and 16.5%, respectively), whereas less difference existed between DHA content of the umbilical vein and umbilical artery (median 4.4% and 4.3%, respectively). Also the study of Agostoni et al. (32) , which found a significant relationship between early postnatal AA status and psychomotor development at 5 mo in children with phenylketonuria underscores the importance of AA status in early life.
Current data, including the data from this study, indicate that neonatal fatty acid status does not only affect neurologic status at birth (11, 12) and maturation of latencies to visually evoked potentials at 10 wk and 6 mo (14) , but also the neurologic condition at 3 mo. The finding that neonatal fatty acid status, in particular EFA and AA status, affects the prevalence of mildly abnormal GMs might be a finding with clinical relevance because it is known that the presence of mildly abnormal GMs is associated with an increased risk of the development of minor neurologic dysfunction and attention problems at school age (19 -21) . Until now, however, data on the long-term effects of fatty acid status of the neonate are inconclusive. Three studies have been carried out that were all characterized by high rates of attrition (13, 15, 16) . The two studies, which were based on an observational design, were unable to find a relationship between maternal fatty acid status and cognitive function at school age (15, 16) . The intervention study of Helland et al. (13) was able to demonstrate a relationship between maternal DHA supplementation and cognition at 4 y.
In conclusion, neonatal fatty acid status, in particular lower AA composition and EFA index in the umbilical artery, is associated with a less favorable neurologic condition at 3 mo of age as reflected by the presence of mildly abnormal GMs. Whether neonatal fatty acid status affects long-term neurodevelopmental outcome remains an open question. To answer this question, we need prospective observational and intervention studies with long-term follow-up and little attrition.
Erratum
In the Review Article, "The Ever-Elusive Endothelial Progenitor Cell: Identities, Functions and Clinical Implications," by Chad L. Barber and M. Luisa Iruela-Arispe, appearing in Pediatric Research 2006; 59(Pt2):26R-32R), several of the references cited in Table 1 were in error. The author regrets this error. 
